ASO

:   antisense oligonucleotide

CCK‐8

:   cell counting kit‐8

HNSCC

:   head and neck squamous cell carcinoma

HSPA1A

:   heat‐shock 70‐kDa protein 1A

LNCAROD

:   lncRNA‐activating regulator of DKK1

LncRNA

:   long noncoding RNA

m6A

:   *N*6‐methyladenosine

METTL14

:   methyltransferase‐like 14

METTL3

:   methyltransferase‐like 3

OS

:   overall survival

RIP

:   RNA immunoprecipitation

TSCC

:   tongue squamous cell carcinoma

YBX1

:   Y box binding protein 1

1. Introduction {#mol212676-sec-0001}
===============

Head and neck cancer is an aggressive life‐threatening malignancy, with \> 830 000 estimated new cases and \> 430 000 estimated death per year worldwide (Bray *et al.*, [2018](#mol212676-bib-0003){ref-type="ref"}). Head and neck squamous cell carcinoma (HNSCC) accounts for the majority of head and neck cancer. Several risk factors link to the development of HNSCC, including consumption of tobacco and alcohol (Blot *et al.*, [1988](#mol212676-bib-0002){ref-type="ref"}; Maier *et al.*, [1992](#mol212676-bib-0023){ref-type="ref"}) and infection of human papillomavirus (Chaturvedi *et al.*, [2011](#mol212676-bib-0004){ref-type="ref"}; Cramer *et al.*, [2019](#mol212676-bib-0009){ref-type="ref"}). During the past decades, intensive studies have been performed to explore the molecular mechanisms underlying the development and progression of HNSCC, most studies focus on protein‐coding genes. Long noncoding RNAs (lncRNAs) are defined category of RNAs longer than 200 nt without protein‐coding or with limited protein‐coding ability (Raj and Rinn, [2019](#mol212676-bib-0027){ref-type="ref"}). LncRNAs have been implicated in multiple physiological processes and also contribute to development of various diseases, including cancers (Yao *et al.*, [2019](#mol212676-bib-0040){ref-type="ref"}). Many lncRNAs distribute in the nucleus and associate with chromatin and are implicated in chromatin remodeling and transcription regulation (Tang *et al.*, [2017](#mol212676-bib-0031){ref-type="ref"}; Yamamoto and Saitoh, [2019](#mol212676-bib-0039){ref-type="ref"}). A considerable amount of cytoplasmic lncRNAs have been identified and are linked to various biological processes, including sponging of miRNAs, translation of mRNAs, protein stability and modulation of metabolisms and cell signaling transduction (Fan *et al.*, [2017](#mol212676-bib-0011){ref-type="ref"}; Noh *et al.*, [2018](#mol212676-bib-0024){ref-type="ref"}; Tang *et al.*, [2018](#mol212676-bib-0030){ref-type="ref"}).

Apart from transcriptional control, various epitranscriptomic modifications expand the variety of transcriptomes. *N*6‐methyladenosine (m6A)methylation is the most abundant and most well‐studied one. Abnormal levels of m6A modification are implicated in human cancers, including acute myeloid leukemia (Barbieri *et al.*, [2017](#mol212676-bib-0001){ref-type="ref"}; Vu *et al.*, [2017](#mol212676-bib-0035){ref-type="ref"}; Weng *et al.*, [2018](#mol212676-bib-0037){ref-type="ref"}) and glioblastoma (Visvanathan *et al.*, [2019](#mol212676-bib-0033){ref-type="ref"}, [2018](#mol212676-bib-0034){ref-type="ref"}, [2019](#mol212676-bib-0033){ref-type="ref"}, [2018](#mol212676-bib-0034){ref-type="ref"}). The m6A modification affects various aspects of RNA metabolism, including structure, maturation, stability, splicing, export, translation, and decay (Chen *et al.*, [2019](#mol212676-bib-0005){ref-type="ref"}; Lan *et al.*, [2019](#mol212676-bib-0019){ref-type="ref"}). To date, most of the studies focus on effects of m6A modification on mRNAs. The complex molecular epitranscriptomic events associated with noncoding genes and their contribution to the initiation and progression of HNSCC still remain elusive.

Here, we showed a lncRNA, LNCAROD, is overexpressed in HNSCC and associated with advanced T stage and poor prognosis. LNCAROD is stabilized with m6A methylation in HNSCC cells. Moreover, we found LNCAROD serves as a scaffold to facilitate YBX1‐HSPA1A protein--protein interaction, there for preventing proteasomal degradation of YBX1. LNCAROD promotes HNSCC cell proliferation and mobility through stabilizing YBX1 protein.

2. Materials and methods {#mol212676-sec-0002}
========================

2.1. LncRNA expression profile and clinical data {#mol212676-sec-0003}
------------------------------------------------

The RNA expression profiles and clinical data of HNSCC were obtained from the TCGA database (<https://cancergenome.nih.gov/>). A cohort including 502 HNSCC samples and 44 normal samples were used in this study. Human lncRNA genes stable ID was obtained from Ensembl database (<http://asia.ensembl.org/index.html>). The lncRNA expression profiles of HNSCC were extracted from RNA‐sequencing data of HNSCC. Differentially expressed lncRNAs between HNSCC and normal tissues were determined by [r]{.smallcaps} software (<http://www.r-project.org/>). The differentially expressed lncRNAs are listed in Appendix [S1](#mol212676-sup-0006){ref-type="supplementary-material"}. The association of lncRNA expression to patients\' overall survival (OS) was analyzed by Kaplan--Meier plotter (<http://kmplot.com/analysis/index.php?p=service%26cancer=pancancer_rnaseq>) based on TCGA data.

2.2. Clinical specimens {#mol212676-sec-0004}
-----------------------

The use of clinical samples was approved by the Institute Research Ethics Committee of the Central South University, and each patient signed a consent form to participate in the study. Nineteen pairs of fresh cancer tissues and normal counterpart tissues from diagnosed HNSCC patients, including oral squamous cell carcinoma (OSCC), tongue squamous cell carcinoma (TSCC), and hypopharyngeal SCC, were collected from the Cancer Hospital of Hunan Province (Changsha, China) by surgery. None of the patients received any antitumor therapy before surgery. This study has been conducted in accordance with the Declaration of Helsinki.

2.3. Cell lines, cell culture, and transfection {#mol212676-sec-0005}
-----------------------------------------------

HK1, FaDu, Tca8113, CAL‐27, NP69, and C666‐1 cell lines were used in this study. HK1 is a well‐differentiated SCC cell line of nasopharynx (Huang *et al.*, [1980](#mol212676-bib-0015){ref-type="ref"}), whereas NP69 is an immortalized nasopharyngeal epithelial cell line (Tsao *et al.*, [2002](#mol212676-bib-0032){ref-type="ref"}), and C666‐1 is an undifferentiated nasopharyngeal carcinoma cell line (Cheung *et al.*, [1999](#mol212676-bib-0006){ref-type="ref"}). FaDu is a human hypopharyngeal SCC cell line (Hegde *et al.*, [2019](#mol212676-bib-0014){ref-type="ref"}), and Tca8113, CAL‐27 cells are human TSCC cell lines. All these cell lines were routinely grown in RPMI 1640 medium (Gibco, Waltham, MA, USA), supplemented with 10% fetal bovine serum and antibiotics (100 units·mL^−1^ penicillin and 100 mg·mL^−1^ streptomycin). Cells were incubated at 37 °C in a humidified atmosphere of 5% CO~2~ in air. Transfection of siRNAs or antisense oligonucleotides (ASOs) was performed by using Lipofectamine RNAiMax reagent according to the manufacturer\'s protocol. Sequences of siRNAs and ASOs used in this study are listed in Table [S1](#mol212676-sup-0004){ref-type="supplementary-material"}.

2.4. Cell counting kit‐8 assays {#mol212676-sec-0006}
-------------------------------

Tumor cells were seeded into 96‐well plates at a density of 2000 cells per 0.2 mL and allowed to grow for indicated time. Cell growth was measured by cell counting kit‐8 (CCK‐8) assays according to previous demonstration (Li *et al.*, [2019](#mol212676-bib-0020){ref-type="ref"}).

2.5. Colony formation assay {#mol212676-sec-0007}
---------------------------

Tumor cell survival was measured by colony formation assays. Briefly, single‐cell suspensions were seeded into 6‐well plates at a density of 2000 cells per well and allowed to grow for 10--14 days. Visible cell colonies were fixed with methanol for 15 min and visualized by 0.1% crystal violet. Colony number was manually counted. Each assay was performed in triplicate.

2.6. Cell migration and invasion assays {#mol212676-sec-0008}
---------------------------------------

Tumor cell mobility and invasiveness were determined by using 8‐μm‐pore Transwell inserts (Corning‐Costar, Cambridge, MA, USA) precoated without or with 15 μL Matrigel (BD Biosciences, Bedford, MA, USA) as described previously (Li *et al.*, [2019](#mol212676-bib-0020){ref-type="ref"}). Briefly, tumor cell suspensions in serum‐free medium at a density of 5 × 10^4^ to 10 × 10^4^ cells per 0.2 mL were seeded onto Transwell inserts. The inserts were placed in a lower chamber containing 600 μL of complete culture medium. Tumor cells were allowed to move across the Transwell insert membranes for 6--24 h at 37 °C. Migrated or invaded tumor cells were fixed and visualized by 0.1% crystal violet. The numbers of migrated or invaded cells were counted from five random fields.

2.7. RNA extraction, reverse transcription, and quantitative PCR {#mol212676-sec-0009}
----------------------------------------------------------------

Total RNAs from tissue samples and cells were extracted by using TRIzol reagent (IInvitrogen, Carlsbad, CA, USA). After digestion with DNase (Takara, Beijing, China) to remove trace amount of genomic DNA, complementary DNA was synthesized with 1 μg of RNA by using reverse transcription kit (Thermo Fisher Scientific, Beijing, China) for lncRNAs and mRNAs. For lncRNAs, random primers were used for reverse transcription. Quantitative PCR was performed with 2× SYBR Green qPCR Master Mix reagents (Bimake, Shanghai, China) according to the protocol from the manufacturer on Bio‐Rad CFX--Connect™ Real‐Time PCR Detection System (Bio‐Rad, Richmond, CA, USA). The relative expression levels were counted according to $2^{- \Delta\Delta C_{T}}$ methods (Livak and Schmittgen, [2001](#mol212676-bib-0021){ref-type="ref"}). Sequences of specific primers for lncRNAs and mRNAs are listed in Table [S2](#mol212676-sup-0005){ref-type="supplementary-material"}.

2.8. Biotin RNA--protein pull‐down assay and mass spectrometry analysis {#mol212676-sec-0010}
-----------------------------------------------------------------------

The full‐length sense and antisense of LNCAROD RNA or its fragments (1--250, 1--500, 1--750, and 751--972 nt) were *in vitro* transcribed by using MEGAscript™ T7 Transcription Kit (Thermo Fisher Scientific, Waltham, MA, USA). Pierce™ RNA 3′ End Desthiobiotinylation Kit (Thermo Fisher Scientific) was explored to label the prepared transcripts with biotin *in vitro*. Biotinylated transcripts were mixed with whole lysates from HK1 cells, and RNA--protein complex was enriched with streptavidin beads (Thermo Fisher Scientific; Lot R12316318) according to the manufacturer\'s protocol. Mass spectrometry was performed by PTM Biolabs (Hangzhou, China).

2.9. Western blot {#mol212676-sec-0011}
-----------------

Total cellular proteins were extracted with lysis buffer supplemented with Protease Inhibitor Cocktail (Bimake). Protein samples were separated in 10--12% SDS/PAGE and transferred to PVDF membranes (Merck Millipore, Billerica, MA, USA). After blocking in 5% defatted milk, the membranes were incubated with primary antibodies overnight at 4 °C. Following incubation with secondary antibodies, signals were detected using the ECL detection system (Thermo Fisher Scientific). The following antibodies used in western blotting assays, HSPA1A (ABclonal Technology, Woburn, MA, USA; A3921), (Abcam, Cambridge, MA, USA; ab76149), Flag (Proteintech, Chicago, IL, USA; 2B3C4), H3 (Cell Signaling Technology, Beverly, MA, USA; D1H2), GAPDH (ABclonal Technology; AC033), normal rabbit IgG (Chemicon, Temecula, CA, USA; 2519253), and normal mouse IgG (Millipore; 12‐371).

2.10. RNA immunoprecipitation {#mol212676-sec-0012}
-----------------------------

RNA immunoprecipitation (RIP) assays were performed as described previously. Briefly, HK1 cells were lysed by using GLB buffer \[Tris/HCl 10 m[m]{.smallcaps} (pH 7.5), NaCl 10 m[m]{.smallcaps}, EDTA 10 m[m]{.smallcaps}, Triton X 0.5%, DTT 1 m[m]{.smallcaps}, PMSF 10 m[m]{.smallcaps}, protease inhibitor cocktail\]. Cell lysates were precleaned with recombinant protein A/G agarose (GenScript, Nanjing, China) to minimize nonspecific binding for 30 min at 4 °C. One to ten percent of the samples were used as input. Equal amount of cell lysates were incubated with YBX1 antibody or HSP1A1 antibody or normal rabbit IgG overnight at 4 °C. The RNA--protein/antibody complexes were captured by incubation with recombinant protein A/G agarose (GenScript, Nanjing, Jiangshu, China). For m6A RNA methylation assays, cellular RNAs were enriched by anti‐*N*6‐methyladenosine (m6A) antibody (Abcam; ab151230). RNA was extracted from the precipitated complex and transcribed into cDNA. RT‐PCR assays were performed to detect binding of RNA to proteins or antibody.

2.11. Pulse‐chase assays {#mol212676-sec-0013}
------------------------

For measurement of the half‐life of LNCAROD, actinomycin D (Sigma, St. Louis, MO, USA) was supplemented to the culture medium of HK1 cell. Total cellular RNAs were extracted by using TRIzol reagent at indicated time points. RNA level was measured by RT‐PCR as described above. For measurement of the half‐life of YBX1 protein, cycloheximide (CHX; Sigma) was added to the culture medium of HK1 cell. Cellular proteins were prepared by lysis buffer supplemented with Protease Inhibitor Cocktail (Bimake) at indicated time points. Protein level was then determined by western blot.

2.12. Statistical analysis {#mol212676-sec-0014}
--------------------------

The association of LNCAROD expression with clinicopathological characteristics of HNSCC patients was analyzed using the Pearson chi‐square method. Quantitative variables differences between groups were analyzed by using Student\'s *t*‐test. A two‐way ANOVA was used to analyze the cell viability assay or growth curve. The [spss]{.smallcaps} 13.0 software package (SPSS, Chicago, IL, USA) was employed for statistical analysis. A value of *P* \< 0.05 was recognized as statistically significant.

3. Results {#mol212676-sec-0015}
==========

3.1. LNCAROD is overexpressed in HNSCC and associated with advanced T stage and poor prognosis {#mol212676-sec-0016}
----------------------------------------------------------------------------------------------

LncRNAs list was downloaded from Ensembl database (<http://asia.ensembl.org/index.html>). RNA‐seq data of HNSCC and normal samples were screened by using [r]{.smallcaps} software, with a criteria of fold change \> 2, *P* \< 0.05 (Fig. [S1](#mol212676-sup-0001){ref-type="supplementary-material"}). The differentially expressed lncRNAs were displayed by volcano plots (Fig. [1A](#mol212676-fig-0001){ref-type="fig"}). Among those upregulated lncRNAs, lncRNA‐activating regulator of DKK1 (LNCAROD) (also named aslnc‐MBL2‐4 or LINC01468) was found to be overexpressed in HNSCC samples, which is in consistent with a previous report (Gao *et al.*, [2014](#mol212676-bib-0012){ref-type="ref"}). LNCAROD is also highly expressed in bladder urothelial carcinoma and predicts unfavorable prognosis (Gao *et al.*, [2019](#mol212676-bib-0013){ref-type="ref"}), suggesting an oncogenic role in cancer development. Thus, it was chosen for further validation. RT‐PCR assay showed that the level of LNCAROD significantly increased in HNSCC samples as compared to normal tissues (Fig. [1B](#mol212676-fig-0001){ref-type="fig"}). Then, we analyzed its expression in TCGA dataset. The results consistently showed that LNCAROD is increased in HNSCC samples (Fig. [1C](#mol212676-fig-0001){ref-type="fig"}). Although expression of LNCAROD is not associated with age and gender of HNSCC patients, high level of LNCAROD is associated with histological grade and positively associated with advanced T stage (Table [1](#mol212676-tbl-0001){ref-type="table"}). Moreover, we found that high expression of LNCAROD predicts poor overall prognosis of HNSCC (Fig. [1D](#mol212676-fig-0001){ref-type="fig"}). RT‐PCR also showed that LNCAROD variant 2 is highly expressed in several SCC cells from head and neck, including HK1, FaDu, and CAL‐27 cells, but weak in Tca8113 and C666‐1 cells, and absent in NP69 cell. RT‐qPCR assay indicated that LNCAROD is predominantly distributed in nucleus. Thus, our finding suggests LNCAROD might contribute to the development of HNSCC.

![LNCAROD is overexpressed in HNSCC and predicts unfavorable clinical outcome. (A) Volcano plot described that the differentially expressed lncRNAs in HNSCC. (B) Measurement of LNCAROD expression level by RT‐qPCR assay in fresh HNSCC and normal tissues. (C) LNCAROD is upregulated in HNSCC samples according to TCGA dataset. (D) High level of LNCAROD predicts shortened OS in HNSCC patients. (E) Expression levels of LNCAROD variants in HNSCC cell lines, and normal cells were determined by RT‐PCR assay. (F) RT‐qPCR assay indicated that LNCAROD mainly distributes in nucleus fraction (*n* = 3 per group). All data are mean ± SD. Data were analyzed by using Student\'s *t*‐test. \*\**P* \< 0.01, \*\*\**P* \< 0.001.](MOL2-14-1282-g001){#mol212676-fig-0001}

###### 

Relationship between LNCAROD expression levels and clinicopathological parameters of HNSCC.

  Variable                   No. of patient   LNCAROD expression (%)   *P* value    
  -------------------------- ---------------- ------------------------ ------------ -------
  Age (year)                                                                        
  \> 60                      254              181 (71.3)               73 (28.7)     
  ≤ 60                       244              166 (68)                 78 (32)      0.246
  Sex                                                                               
  Female                     133              97 (72.9)                36 (27.1)     
  Male                       366              250 (68.3)               116 (31.7)   0.189
  Histological grade (WHO)                                                          
  G1--2                      360              268 (74.4)               92 (25.6)     
  G3--4                      120              74 (61.7)                46 (38.3)    0.006
  Clinical stage                                                                    
  I + II + III               195              137 (70.3)               58 (29.7)     
  IV                         304              210 (69.1)               94 (30.9)    0.430
  pT status                                                                         
  T1--2                      177              112 (63.3)               65 (36.7)     
  T3--4                      312              227 (72.8)               85 (27.2)    0.019
  Lymph node metastasis                                                             
  No metastasis              241              175 (72.6)               66 (27.4)     
  Metastasis                 240              157 (65.4)               83 (34.6)    0.054
  Distant metastasis                                                                
  No metastasis              475              332 (69.9)               143 (30.1)    
  Metastasis                 5                3 (60)                   2 (40)       0.477

John Wiley & Sons, Ltd

3.2. The m6A modification stabilizes LNCAROD in HNSCC {#mol212676-sec-0017}
-----------------------------------------------------

The m6A modification of noncoding RNAs is emerging as a fundamental role in their regulation and functions (Coker *et al.*, [2019](#mol212676-bib-0008){ref-type="ref"}). We found that RNA levels of the RNA m6A methyltransferase METTL3 and METTL14 were upregulated in HNSCC samples according to TCGA dataset (Fig. [2A](#mol212676-fig-0002){ref-type="fig"}). Interestedly, high expression of METLL3 is positively correlated with the level of LNCAROD in HNSCC (Fig. [2B](#mol212676-fig-0002){ref-type="fig"}), prompting us to consider that m6A methylation contributes to dysregulation of LNCAROD in HNSCC. We performed pull‐down assay by using specific m6A antibody. We found that LNCAROD is significantly enriched in fraction immunoprecipitated by m6A antibody (Fig. [2C](#mol212676-fig-0002){ref-type="fig"}), indicating that endogenous LNCAROD is largely m6A modified in HK1 cell. When METTL3 and METTL14 were simultaneously depleted in HK1 cells, the level of LNCAROD dramatically decreased, which is accompanied with reduction of m6A methylation level of LNCAROD (Fig. [2D](#mol212676-fig-0002){ref-type="fig"}). Silencing either METTL3 or METTL14 leads to moderate decrease of LNCAROD level (Fig. [2E](#mol212676-fig-0002){ref-type="fig"}). Moreover, pulse‐chase assay showed that loss of METTL3 and METTL14 significantly shortened the half‐life of LNCAROD (Fig. [2F](#mol212676-fig-0002){ref-type="fig"}), suggesting that m6A methylation enhances the stability of LNCAROD.

![m6A modification catalyzed by METTL3 and METTL14 increases LNCAROD stability in SCC cells. (A) The mRNAs levels of METTL3 and METTL14 are elevated in HNSCC according to TCGA dataset. (B) Correlation analysis of LNCAROD with METTL3 or METTL14 in HNSCC samples. (C) RIP‐PCR assays performed by using m6A antibody suggested that LNCAROD is m6A modified in HK1 cell (*n* = 3 per group). (D) Depletion either METTL3 or METTL14 led to reduction of m6A modification level of LNCAROD (*n* = 3 per group). (E) Silencing either METTL3 or METTL14 resulted in downregulation of LNCAROD level in HK1 cells (*n* = 3 per group). (F) Pulse‐chase assay suggested that silencing METTL3 and METTL14 shortened the half‐life of LNCAROD. All data are mean ± SD. Data were analyzed by using Student\'s *t*‐test. \*\**P* \< 0.01, \*\*\**P* \< 0.001.](MOL2-14-1282-g002){#mol212676-fig-0002}

3.3. LNCAROD promotes HNSCC cell proliferation and mobility *in vitro* {#mol212676-sec-0018}
----------------------------------------------------------------------

The expression of LNCAROD in HK1 and FaDu cells were transiently inhibited by siRNAs or ASOs specifically targeted to LNCAROD. As shown in Fig. [3A](#mol212676-fig-0003){ref-type="fig"}, both siRNAs and ASOs effectively suppressed expression level of LNCAROD. CCK‐8 assay showed that inhibition of LNCAROD by either siRNAs or ASOs led to inhibition of cell proliferation in HK1 and FaDu cells (Fig. [3B](#mol212676-fig-0003){ref-type="fig"}). Moreover, transient silencing of LNCAROD in HK1 and FaDu cells impaired cell mobility and invasiveness *in vitro* (Fig. [3C](#mol212676-fig-0003){ref-type="fig"}). Then, LNCAROD expression in HK1 cells was stably silenced by shRNAs expressing lentivirus (Fig. [4A](#mol212676-fig-0004){ref-type="fig"}). Stable depletion of LNCAROD resulted in inhibition of cell proliferation in HK1 cell. Whereas forced expression of LNCAROD in Tca8113 cells exerted opposite effect (Fig. [4B](#mol212676-fig-0004){ref-type="fig"}). As revealed by colony formation assays, depletion of LNCAROD in HK1 cell effectively reduced the colony number. By contrast, forced expression of LNCAROD led to increase of colony number of Tca8113 cell (Fig. [4C](#mol212676-fig-0004){ref-type="fig"}). Immunofluorescence assay indicated the frequency of Ki‐67^+^ cells significantly decreased upon stable silencing LNCAROD in HK1 cell. However, forced expression of LNCAROD increased number of Ki67^+^ cells in Tca8113 cell (Fig. [4D](#mol212676-fig-0004){ref-type="fig"}). Cell cycle analysis demonstrated that stable silencing LNCAROD led to cell cycle arrest at G2/M phase in HK1 cell (Fig. [4E](#mol212676-fig-0004){ref-type="fig"}). Furthermore, inhibition of LNCAROD impaired cell mobility and invasiveness in HK1 cell. In contrast, forced expression of LNCAROD increased mobility and invasiveness in Tca8113 cell (Fig. [4F](#mol212676-fig-0004){ref-type="fig"}). Thus, our data indicated that LNCAROD exerts tumor promotive role in HNSCC cells *in vitro*.

![Transient silencing LNCAROD attenuates growth, migration, and invasion of HNSCC cells *in vitro*. (A) RT‐qPCR assays indicated that specific siRNAs or ASOs suppressed LNCAROD RNA levels in HK1 and FaDu cells (*n* = 3 per group, data were analyzed using Student\'s *t*‐test). (B) Growth of HK1 and FaDu cells transfected with siRNA or ASO were measured by CCK‐8 assays (*n* = 5 per group. Data were analyzed using two‐way ANOVA). (C, D) Cell migration and invasion assays were performed by using transwell inserts assays (*n* = 3 per group. Data were analyzed using Student\'s *t*‐test). All data are mean ± SD. \*\**P* \< 0.01, \*\*\**P* \< 0.001.](MOL2-14-1282-g003){#mol212676-fig-0003}

![LNCAROD promotes growth, mobility, and invasiveness of HNSCC cells. (A) LNCAROD levels in stable silenced or stable transfected cells were determined by RT‐PCR assays (*n* = 3 per group. Data were analyzed using Student\'s *t*‐test). (B) CCK‐8 assays indicated that stable silencing LNCAROD suppressed HK1 cell proliferation, whereas overexpression of LNCAROD accelerated cell proliferation of Tca8113 cell (*n* = 5 per group. Data were analyzed using two‐way ANOVA). (C) Colony formation assays demonstrated that silencing LNCAROD enhanced colony formation ability in HK1 cell, whereas ectopic LNCAROD exerted opposite effect in Tca8113 cell (*n* = 3 per group. Data were analyzed using Student\'s *t*‐test). (D) Immunofluorescence assays indicated that loss of LNCAROD reduced Ki‐67^+^ cell frequency in HK1 cell, whereas overexpression of LNCAROD exerted opposite effect in Tca8113 cell (*n* = 3 per group. Data were analyzed using Student\'s *t*‐test). (E) Flow cytometry assays suggested stable silencing LNCAROD induced cell cycle arrested at G2/M phase in HK1 cell. (F) Migration and invasion assays performed by using transwell inserts suggested that high expression of LNCAROD promotes migration and invasiveness of HNSCC cells *in vitro* (*n* = 3 per group. Data were analyzed using Student\'s *t*‐test). All data are mean ± SD. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001.](MOL2-14-1282-g004){#mol212676-fig-0004}

3.4. LNCAROD forms a complex with YBX1 and HSPA1A proteins and prevents proteasomal degradation of YBX1 protein {#mol212676-sec-0019}
---------------------------------------------------------------------------------------------------------------

We then sought to explore the molecular mechanisms underlying the oncogenic role of LNCAROD in HNSCC progression. A proteomic approach was employed to identify protein binding partners of *in vitro* biotinylated LNCAROD transcript in HK1 cell (Fig. [5A](#mol212676-fig-0005){ref-type="fig"}). Mass spectrometry analysis revealed that YBX1 and HSPA1A bind with LNCAROD. The binding between LNCAROD with YBX1 and HSPA1A was further validated by western blot following RNA pull‐down assays (Fig. [5B](#mol212676-fig-0005){ref-type="fig"}). Moreover, RIP assays demonstrated that LNCAROD RNA was precipitated with by anti‐YBX1 and anti‐HSPA1A in HK1 cell (Fig. [5C](#mol212676-fig-0005){ref-type="fig"}). Subcellular fractionation of HK1 and FaDu cells showed that YBX1 and HSPA1A proteins were distributed in cytoplasm and nucleus (Fig. [5D](#mol212676-fig-0005){ref-type="fig"}). Deletion mutant assays demonstrated LNCAROD binds with HSP1A1 through a region of its 3′ terminus (751--972 nt), whereas binds with YBX1 through its internal region (251--500 nt) (Fig. [5E](#mol212676-fig-0005){ref-type="fig"}). We also demonstrated that both exogenous and endogenous YBX1 protein co‐immunoprecipitated with HSPA1A protein in HK1 cell (Fig. [5F](#mol212676-fig-0005){ref-type="fig"}). However, RNase A pretreatment with the cell lysate significantly reduced YBX1‐HSPA1A association as compared to that pretreated with recombinant RNase inhibitor, suggesting a role of RNA involved (Fig. [5G](#mol212676-fig-0005){ref-type="fig"}). Furthermore, silencing LNCAROD in HK1 cells hindered the protein--protein interaction between YBX1 and HSPA1A, whereas overexpression of LNCAROD enhanced YBX1‐HSPA1A proteins interaction (Fig. [5H](#mol212676-fig-0005){ref-type="fig"}). Two specific siRNAs effectively repressed mRNA and protein level of YBX1 in HK1 cells (Fig. [S2](#mol212676-sup-0002){ref-type="supplementary-material"}A). As shown in Fig. [S2](#mol212676-sup-0002){ref-type="supplementary-material"}B,C, either transient or stable silencing effectively suppressed expression level of YBX1 in HK1 and FaDu cells. Silencing either YBX1 or HSPA1A in HK1 and FaDu cells exert little effect on the level of LNCAROD (Fig. [5I](#mol212676-fig-0005){ref-type="fig"},J). However, either transient or stable inhibition of LNCAROD led to decrease of YBX1 protein level (Fig. [5K](#mol212676-fig-0005){ref-type="fig"}), without affecting YBX1 mRNA level (Fig. [5L](#mol212676-fig-0005){ref-type="fig"}). Unlike YBX1, both mRNA and protein level of HSPA1A remained unchanged upon loss of LNCAROD (Fig. [5K](#mol212676-fig-0005){ref-type="fig"},L). In contrast, overexpression of LNCAROD led to upregulation of YBX1 protein level (Fig. [5M](#mol212676-fig-0005){ref-type="fig"}) without affecting its mRNA level (Fig. [5N](#mol212676-fig-0005){ref-type="fig"}). We further demonstrated that loss of LNCAROD shortened the half‐life of YBX1 protein (Fig. [5O](#mol212676-fig-0005){ref-type="fig"}), whereas proteasome inhibitor MG132 treatment partially rescued YBX1 protein upon silencing LNCAROD (Fig. [5P](#mol212676-fig-0005){ref-type="fig"}), suggesting loss of LNCAROD promotes proteasomal degradation of YBX1 protein. We then asked whether HSPA1A contributes to stabilization of YBX1 protein by LNCAROD in HNSCC cells. As expected, silencing HSPA1A in HK1 cell resulted in reduction of YBX1 protein level (Fig. [5Q](#mol212676-fig-0005){ref-type="fig"}), without affecting its mRNA level (Fig. [5R](#mol212676-fig-0005){ref-type="fig"}). MG132 treatment prevented reduction of YBX1 protein level in HK1 cells upon depletion of HSPA1A (Fig. [5S](#mol212676-fig-0005){ref-type="fig"}), indicating that HSPA1A inhibits proteasomal degradation of YBX1 protein. Furthermore, silencing HSPA1A led to reduction of YBX1 protein in LNCAROD‐overexpressing Tca8113 cell, suggesting that HSPA1A is required for LNCAROD‐mediated YBX1 protein stabilization (Fig. [5T](#mol212676-fig-0005){ref-type="fig"}). Thus, our data suggest that LNCAROD prevents proteasomal degradation of YBX1 protein through facilitating YBX1‐HSPA1A interaction.

![LNCAROD forms complex with HSPA1A and YBX1 and increases YBX1 protein stability in a HSPA1A‐dependent manner. (A) Schematic diagram of identification of LNCAROD binding proteins by RNA pull‐down coupled with mass spectrometry. (B) RNA pull‐down and western blot indicated that LNCAROD binds with HSPA1A and YBX1 proteins. (C) RIP‐qPCR assays demonstrated that HSPA1A and YBX1 bind with LNCAROD. (D) Subcellular fractionation and western blot assays indicated that YBX1 and HSPA1A proteins distribute in cytoplasm and nucleus in HK1 and FaDu cells. (E) Association of HSPA1A and YBX1 proteins with deletion fragments of LNCAROD were assessed by western blot. (F) Co‐IP assays suggested that both exogenous and endogenous YBX1 proteins were co‐immunoprecipitated with HSPA1A in HK1 cells. (G) Co‐IP assay revealed that RNase A treatment with cell lysate weakened YBX1‐HSPA1A association in HK1 cell. (H) YBX1‐HSPA1A association was assessed by Co‐IP assays in LNCAROD stably silenced HK1 cell and LNCAROD stably overexpressed Tca8113 cell. (I) RNA level of LNCAROD was measured in cells upon transient or stable loss of YBX1 (*n* = 3 per group). (J) RNA levels of HSPA1A and LNCAROD were measured by RT‐PCR upon transient silence of HSPA1A in HK1 cell (*n* = 3 per group). (K) HSPA1A and YBX1 protein levels in LNCAROD‐depleted cells were determined by western blot assays. (L) mRNAs levels of YBX1 and HSPAIA in HK1 and FaDu cells upon loss of LNCAROD were determined by RT‐qPCR assays (*n* = 3 per group). (M) HSPA1A and YBX1 protein levels were measured by western blot assays in Tca8113 cells with overexpression of LNCAROD. (N) HSPA1A and YBX1 mRNA levels in Tca8113 cell were measured by RT‐qPCR assays (*n* = 3 per group). (O) Pulse‐chase assay of YBX1 protein levels in HK1/sh‐LNCAROD cells treated with CHX. (P) MG132 treatment prevented reduction of YBX1 protein levels in HK1 and FaDu upon depletion of LNCAROD. (Q) YBX1 protein levels in HK1 cells transfected with HSPA1A specific siRNAs were measured by western blot assays. (R) YBX1 mRNA levels in HK1 cells transfected with HSPA1A specific siRNAs were measured by RT‐qPCR assays (*n* = 3 per group). (S) Western blot assays demonstrated that MG132 treatment prevented YBX1 protein degradation in HK1cell upon loss of HSPA1A. (T) YBX1 protein levels in Tca8113 cells were measured by western blot assays. All data are mean ± SD. Data were analyzed by using Student\'s *t*‐test. \*\**P* \< 0.01.](MOL2-14-1282-g005){#mol212676-fig-0005}

3.5. LNCAROD promotes HNSCC cells malignant behaviors via maintaining YBX1 protein level {#mol212676-sec-0020}
----------------------------------------------------------------------------------------

We then asked whether oncogenic effect of LNCAROD in HNSCC cells is mediated by YBX1. Re‐expression of Flag‐tagged YBX1 resulted in increase of YBX1 protein level in LNCAROD‐silenced HK1 cells (Fig. [6A](#mol212676-fig-0006){ref-type="fig"}; Fig. [S3](#mol212676-sup-0003){ref-type="supplementary-material"}). Functionally, re‐expression of Flag‐YBX1 rescued cell proliferation and colony formation ability in LNCAROD‐silenced cells (Fig. [6B](#mol212676-fig-0006){ref-type="fig"},[C](#mol212676-fig-0006){ref-type="fig"}). Moreover, wound healing assays showed re‐expression of YBX1 in LNCAROD‐silenced cells led to restoration of cell mobility (Fig. [6D](#mol212676-fig-0006){ref-type="fig"}). Thus, our data clearly demonstrated that LNCAROD promotes HNSCC cells malignant behaviors via stabilization of YBX1 protein.

![Re‐expression of YBX1 rescues aggressiveness of HNSCC cell upon silencing LNCAROD. (A) Protein level of YBX1 was measured by western blot assays. (B) Growth of HK1 cells were determined by CCK‐8 assays (*n* = 5 per group. Data were analyzed using two‐way ANOVA). (C) Cell survival ability of HK1 cells were measured by colony formation assays (*n* = 3 per group. Data were analyzed using Student\'s *t*‐test). (D) Cell migration was measured by wound healing assays (*n* = 3 per group. Data were analyzed using Student\'s *t*‐test). All data are mean ± SD. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001.](MOL2-14-1282-g006){#mol212676-fig-0006}

3.6. LNCAROD enhances tumor formation *in vivo* {#mol212676-sec-0021}
-----------------------------------------------

We then asked whether high expression of LNCAROD enhances tumorigenicity of HNSCC cells *in vivo*. Xenograft tumor growth assays showed that loss of LNCAROD in HK1 cells delayed xenograft formation in nude mice (Fig. [7A](#mol212676-fig-0007){ref-type="fig"},[B](#mol212676-fig-0007){ref-type="fig"}). The volumes of xenograft tumors formed by two LNCAROD targeted shRNAs expressing cells were much smaller than that of vector control cell (Fig. [7C](#mol212676-fig-0007){ref-type="fig"},[D](#mol212676-fig-0007){ref-type="fig"}). Hematoxylin and eosin (H&E) staining showed that xenograft tumors from LNCAROD lower expressing cells exhibited a decreased nucleus‐to‐cytoplasm ratio, reduced nuclear atypia (Fig. [7E](#mol212676-fig-0007){ref-type="fig"}), suggesting reduced aggressiveness followed by inhibition of LNCAROD. Immunohistochemical staining showed there are less Ki67^+^ cells in tumors from sh‐LNCAROD/HK1 cells (Fig. [7F](#mol212676-fig-0007){ref-type="fig"}). Furthermore, the protein level of YBX1 was remarkably reduced upon silencing LNCAROD. These data indicate that LNCAROD acts as a *bona fide* oncogene in HNSCC.

![LNCAROD promotes tumor formation *in vivo*. (A) Gross view of nude mice bearing xenograft tumors. (B) Growth curve of xenograft tumors from LNCAROD‐silenced or control HK1 cells (*n* = 6 per group. Data were analyzed using two‐way ANOVA). (C) Macroscopic view of xenograft tumors from LNCAROD‐silenced or control HK1 cells. (D) Measurement of the weight of xenograft tumors (*n* = 6 per group. Data were analyzed using Student\'s *t*‐test). (E) H&E staining of xenograft tumors derived from LNCAROD‐silenced or control HK1 cells. (F) Immunohistochemical staining of YBX1 and Ki‐67 proteins in xenograft tumors. All data are mean ± SD. \**P* \< 0.05, \*\**P* \< 0.01.](MOL2-14-1282-g007){#mol212676-fig-0007}

4. Discussion {#mol212676-sec-0022}
=============

In this study, we uncovered the oncogenic role of LNCAROD in HNSCC development. Overexpression of LNCAROD is associated with advanced T stage and predicts poor overall prognosis in HNSCC. LNCAROD is primarily distributed in nucleus and is regulated by METT3‐ and METTL14‐mediated m6A methylation in HNSCC. LNCAROD promotes the aggressiveness of HNSCC cells through facilitating protein--protein interaction between YBX1 and HSPA1A and thus stabilizing YBX1 protein (Fig. [8](#mol212676-fig-0008){ref-type="fig"}).

![Schematic diagram of role of LNCAROD in HNSCC. METTL3‐ and METTL14‐mediated m6A methylation on LNCAROD extends the half‐life of LNCAROD. LNCAROD is mainly distributed in nucleus and links YBX1 and HSPA1A proteins together through binding to these two proteins, preventing proteasomal degradation of onogenic YBX1 protein in a HSPA1A‐dependent manner.](MOL2-14-1282-g008){#mol212676-fig-0008}

Growing evidences show that lncRNAs play an essential role in multiple stages of cancer development, including initiation and progression (Xie *et al.*, [2019](#mol212676-bib-0038){ref-type="ref"}). We demonstrated that LNCAROD is overexpressed in HNSCC tissues and cell lines, which are in consistent with a previous publication that LNCAROD (also named as lnc‐MBL2‐4) is overexpressed in TSCC (Gao *et al.*, [2014](#mol212676-bib-0012){ref-type="ref"}). High expression of LNCAROD associates with advanced T stage and unfavorable prognosis in HNSCC patients. To date, little is known about the mechanisms underlying dysregulation of LNCAROD during HNSCC development. In this study, we demonstrated that LNCAROD is m6A‐modified in HNSCC cells. Both METTL3 and METTL14 seem to be responsible for marking LNCAROD with *N*6‐methyladenosine, because silencing either METTL3 or METTL14 led to reduction of m6A modification on LNCAROD. Similar to protein‐coding genes, we demonstrated that m6A modification increased the half‐life of LNCAROD in HNSCC cells, suggesting m6A marks of LNCAROD mediated by RNA m6A methyltransferases might account for high expression of LNCAROD in HNSCC. Though silencing either METTL3 or METTL14 in HK1 cell led to reduction of LNCAROD. Only the level of METTL3, nor the METTL14, is positively associated with the level of LNCAROD in HNSCC samples. This might be explained that gene regulation is more complex in tumor tissues than in propagated cell lines. Dysregulation of m6A methylation is intensively involved in squamous cell carcinoma progression. This hypothesis is supported by an observation that METTL3 is elevated and plays an oncogenic role in a variety of squamous cell carcinoma from various organs (Zhao and Cui, [2019](#mol212676-bib-0041){ref-type="ref"}; Zhou *et al.*, [2019](#mol212676-bib-0042){ref-type="ref"}). Recently, it has been shown that METTL3‐mediated m6A marks contribute to high expression of lncRNAs in glioma stem‐like cells (Visvanathan *et al.*, [2019](#mol212676-bib-0033){ref-type="ref"}). Thus, our data along with other observations unveiled a critical role of m6A modification on the fate and function of lncRNAs. The fate of m6A modified RNAs is largely dependent on recognition by different m6A readers (Patil *et al.*, [2018](#mol212676-bib-0026){ref-type="ref"}). Recognition by YTHDFs promotes degradation of *N*(6)‐methyladenosine‐modified RNA (Wang *et al.*, [2014](#mol212676-bib-0036){ref-type="ref"}), whereas recognition of *N*(6)‐methyladenosine by IGF2BPs increases the stability of mRNAs (Huang *et al.*, [2018](#mol212676-bib-0016){ref-type="ref"}). We speculated that m6A modification probably protects LNCAROD from degradation through enhancing its recognition by IGF2BPs family members. However, this assumption needs more study to decipher whether it is a universal law or not.

Before our study, LNCAROD was demonstrated to activate DKK1 transcription in breast cancer MCF‐7 cell (Ntini *et al.*, [2018](#mol212676-bib-0025){ref-type="ref"}). However, silencing LNCAROD did not alter DKK1 level in our systems (data not shown). This discrepancy might be explained that LNCAROD exerts different roles in various cell contexts. YBX1 is a multifunctional DNA‐/RNA‐binding protein. It consists of three domains: a cold shock protein (CSD) domain, an A/P domain, and a long C‐terminal domain (Suresh *et al.*, [2018](#mol212676-bib-0029){ref-type="ref"}). Apart from mRNAs, growing evidence revealed that YBX1 is intensively involved in regulating noncoding RNA expression (Suresh *et al.*, [2018](#mol212676-bib-0029){ref-type="ref"}). It has been shown that binding with RNAs increases YBX1 protein stability (Dimartino *et al.*, [2018](#mol212676-bib-0010){ref-type="ref"}; Su *et al.*, [2018](#mol212676-bib-0028){ref-type="ref"}). We demonstrated that LNCAROD binds with YBX1 or HSPA1A through different fragments, 251--500 nt for YBX1 and 751--972 nt for HSPA1A, respectively, making it as a scaffold for YBX1‐HSPA1A interaction. Though HSPA1A protein was co‐immunoprecipitated with YBX1 protein, its interaction was impeded upon loss of LNCAROD and even dramatically abolished by pretreatment of cell lysate with RNase A, indicating a role of RNAs involved. The protein--protein interaction between YBX1 and HSPA1A is important for stabilization of YBX1 protein, since depletion of HSPA1A reduced YBX1 protein level in LNCAROD high expressing cells. HSPA1A is a member of Hsp70 chaperones which are implicated in controlling proteins stability through regulation of conformation of the targeted proteins. In a previous study, HSPA1A was found to protect ZNF198‐FGFR1 fusion protein from proteasomal degradation (Kasyapa *et al.*, [2007](#mol212676-bib-0017){ref-type="ref"}). We assumed that binding to LNCAROD makes HSPA1A spatially close to YBX1 protein bound with LNCAROD and induce conformation change of YBX1 protein, preventing recognition of YBX1 by E3‐ubiquitin ligase (Chibi *et al.*, [2008](#mol212676-bib-0007){ref-type="ref"}; Lutz *et al.*, [2006](#mol212676-bib-0022){ref-type="ref"}) (Fig. [8](#mol212676-fig-0008){ref-type="fig"}). Given that pretreatment with RNase A more effectively impaired YBX1‐HSPA1A interaction than single silencing LNCAROD, we speculate that there are other RNA molecules involved in YBX1‐HSPA1A interaction. It has been shown that several lncRNAs, including MIR22HG (Su *et al.*, [2018](#mol212676-bib-0028){ref-type="ref"}), lnc‐31 (Dimartino *et al.*, [2018](#mol212676-bib-0010){ref-type="ref"}), interact with YBX1 protein and increase its stability. Also, Hsp70 possesses RNA‐binding activities in a protein chaperone functions independent manner (Kishor *et al.*, [2017](#mol212676-bib-0018){ref-type="ref"}). Therefore, it is highly probable that the interaction between YBX1 and HSPA1A could be mediated by various RNA molecules in different cell contexts.

5. Conclusions {#mol212676-sec-0023}
==============

In this study, we unveiled the tumor promotive function of LNCAROD in HNSCC development. We provide evidence that m6A methylation mediated by METTL3 and METTL14 contributes to increased stability of LNCAROD. Overexpression of LNCAROD promotes malignant development of HNSCC through facilitating YBX1--HSPA1A interaction, thus enhancing YBX1 protein stability. Our study shed light on the mechanisms of lncRNAs in HNSCC development.
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